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Ras proteins are best known to func- 
tion on the plasma membrane 
to mediate growth factor signaling. 
Controlling the length of time that Ras 
proteins stay on the plasma membrane is 
an effective way to properly modulate the 
intensity and duration of growth factor 
signaling. It has been shown previously 
that H- and N-Ras proteins in the GTP- 
bound state can be ubiquitylated via a 
K-63 linkage, which leads to endosome 
internalization and results in a negative- 
feedback loop for efficient signal attenua- 
tion. In a more recent study, two new Ras 
effectors have been isolated, CHMP6 
and VPS4A, which are components of 
the ESCRT-IH complex, best known for 
mediating protein sorting in the endo- 
somes. Surprisingly, these molecules 
are required for efficient Ras-induced 
transformation. They apparently do so 
by controlling recycling of components 
of the Ras pathway back to the plasma 
membrane, thus creating a positive-feed- 
back loop to enhance growth factor sig- 
naling. These results suggest the fates of 
endosomal Ras proteins are complex and 
dynamic — they can be either stored and/ 
or destroyed or recycled. Further work is 
needed to decipher how the fate of these 
endosomal Ras proteins is determined. 

Humans have three RAS genes, H-, N- 
and K-RAS and because the latter can 
undergo alternative splicing to yield two 
isoforms (K-Ras-4A and K-Ras-4B), a 
total of four Ras proteins can be found 
in many cells. Ras proteins cycle between 
the GDP and GTP-bound states to act as 
binary switches to control a wide range of 
signal transduction pathways. Mutations 
that render Ras proteins constitutively 



GTP-bound are among the most frequent 
genetic alterations in human cancers — 
approximately 30% of them carrying an 
oncogenic RAS mutation 1 (and data from 
the COSMIC database, www.sanger. 
ac.uk/perl/genetics/CGP/cosmic). The 
best known Ras function relevant to 
tumor formation is the control of growth 
factor signaling, which occurs at the 
plasma membrane. While this landmark 
finding provides a satisfactory explanation 
of how oncogenic Ras can induce tumori- 
genesis, many important questions remain 
largely unanswered. For example, how do 
Ras proteins get to the plasma membrane, 
and once there, what eventually happens 
to them? Most Ras proteins also accumu- 
late in the cytoplasm (see below), are these 
proteins active in signaling? 

On and Off the Plasma Membrane 

While nascent Ras polypeptides are sol- 
uble and cytoplasmic, all Ras proteins 
contain a C-terminal CAAX motif whose 
cysteine can be farnesylated. The "AAX" 
is then cleaved off by a protease, and the 
farnesylated cysteine is later methylated. 
Ras proteins that are modified in this 
manner gain general affinity to the cell 
membrane, but for most Ras proteins, 
except K-Ras-4B, the more abundant and 
ubiquitously expressed K-Ras isoform, 
they cannot efficiently associate with the 
plasma membrane, unless they are further 
palmitoylated at cysteine(s) just upstream 
of the CAAX motif. The presumptive Ras 
acyl palmitoyltransferase zDHHC9 is 
found in the Golgi, 2 supporting the con- 
cept that most Ras proteins use the Golgi 
as a launching pad to reach the plasma 
membrane via the trans-Golgi system. 3,4 
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Figure 1. A model of the shuttling of H-Ras or N-Ras between the plasma membrane and endo- 
somes. Activated Ras proteins stimulate the RIN1 effector, which then activates and recruits Ra- 
bex-5 to ubiquitylate Ras to facilitate retention in endosomes." One consequence of endosomal 
internalization is suppression of the signaling output from the Ras pathway (I). 13 15 A fraction of the 
GTP-bound and ubiquitylated Ras can also stimulate ESCRT-III components CHMP6 and VPS4A to 
enable sorting and recycling of components from the Ras pathway, such as EGFR (and possibly 
Ras itself) back to the plasma membrane. This pathway apparently enhances Ras signaling (II). 28 
Ubiquitylation of Ras in Pathway I forms a negative feedback loop to more efficiently attenuate 
Ras signaling, while Pathway II acts in a positive feedback loop for sustained and prolonged Ras 
signaling. Proper balancing of these two pathways can serve to fine tune Ras signaling outputs. 
Question marks denote many important questions that hopefully will be addressed in the future 
(see text). 



Instead of palmitoylation, K-Ras-4B 
associates with the plasma membrane via 
electrostatic interactions with a lysine rich 
region in the C-terminus. However, how 
K-Ras-4B localizes to the plasma mem- 
brane remains largely unknown and there 
is no evidence that it does so by the trans- 
Golgi system. 5 

What happens to Ras proteins once 
they reach the plasma membrane is com- 
plex and not fully resolved. The palmi- 
toylation is reversible and the palmitoyl 
moiety can be removed by acyl protein 
thioesterase (APTl). 6 De-palmitoylated 
Ras proteins, by mechanisms that are not 
fully understood, readily accumulate in 
the Golgi, awaiting another round of pal- 
mitoylation. 7,8 This palmitoylation/depal- 
mitoylation cycle can evidently act as an 
ON-OFF switch to control signaling at 
the plasma membrane. 

In addition to Golgi localization, H- 
and N-Ras have also been shown to accu- 
mulate in endosomes'- 1 (Fig. 1). One key 
role of endosomes in signaling is illustrated 
by a process known as receptor-mediated 
endocytosis, in which activated receptors 



are internalized (via endocytosis) to reside 
in early endosomes. 10 For efficient signal- 
ing attenuation, these receptors are trans- 
ferred to late endosomes and ultimately 
delivered to lysosomes for degradation. 
Intriguingly, RIN1, a Ras effector, 11 acts 
as a guanine nucleotide exchange factor 
for Rab5, 11,12 which is a key component for 
endocytosis. This suggests that Ras may 
attenuate its own signaling by promot- 
ing internalization of either growth fac- 
tor receptors (e.g., EGFR) or Ras itself. 
Evidence for the latter was provided by 
the discovery that H- and N-Ras proteins 
are both mono- and di-ubiquitylated via a 
K63-linkage, a mode of ubiquitylation that 
is often required for endocytosis as well as 
protein sorting at the endosome. 13 When 
Ras proteins are deficient in ubiquitylation 
by either mutating the lysine residues in 
Ras 13 or by silencing the Ras E3 ligase 
Rabex-5/RabGEFl, 14,15 the Ras signaling 
outputs are enhanced. Conversely, when 
Rabex-5 is overexpressed, Ras signaling is 
inhibited. 14,15 These results suggest that a 
key outcome of Ras internalization is to 
attenuate growth factor signaling. Despite 



this, several lines of evidence suggests 
that internalized EGFR and/or Ras may 
be active. For example, EGFR remains 
EGF-bound and phosphorylated in early 
endosomes, 16 and Ras can also interact 
with PI3K and Cdc42 in endosomes. 17 ' 18 
Collectively, it seems plausible that the fate 
of endosomal Ras is quite complex and 
that not all the internalized Ras proteins 
are destined for storage or destruction. 

Ras Signaling from the Cytoplasm 

At steady-state, H- and N-Ras proteins 
can be readily detected in the cytoplasmic 
endomembranes (e.g., endosomes, ER and 
Golgi, etc.). Are these Ras proteins inac- 
tive as "immature" covalent modification 
intermediates, internalized and destined 
for degradation, or do they activate 
cytoplasmic effectors necessary for cell 
transformation? 

One of the earliest reports on Ras sig- 
naling from the cytoplasm came from 
Hancock et al. who showed that when 
oncogenic H-Ras is restricted in the cyto- 
plasm by mutations that abolish palmi- 
toylation, the resulting protein can still 
transform cells. 19 Later, Chiu et al. more 
systematically investigated this by specifi- 
cally targeting oncogenic H-Ras to the ER 
and Golgi and found that these proteins 
can efficiently transform NIH3T3 cells. 20 
A Golgi specific Ras pathway in response 
to viral infection has also been found in 
T-cells. 21 In addition to ER and Golgi, Ras 
proteins have been shown to function in 
mitochondria to control apoptosis and glu- 
cose metabolism. 22,23 Despite the evidence 
for compartmentalized Ras signaling, spe- 
cific Ras effectors for a given cell compart- 
ment are largely unknown in mammalian 
cells. However, we have shown that in the 
fission yeast Schzosaccharomyces pombe, 
a single Ras protein, Rasl, controls two 
spatially segregated pathways. 24 " 26 On the 
plasma membrane, Rasl controls Byr2, 
a MEK-like protein kinase, to mediate 
mating pheromone signaling. On the 
endomembrane, Ras stimulates Scdl, a 
nucleotide exchange factor for Cdc42, to 
mediate cell morphogenesis. Guided by 
the Ras-Cdc42 interaction in S. pombe, 
Cheng et al. have recently determined in 
mammalian cells that H- and N-Ras also 
activate Cdc42 in the endomembrane (e.g., 
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endosomes), an interaction that is critical 
for Ras-induced transformation. 18,27 

Since most compartmentalized Ras 
effectors are unknown, in a soon to be pub- 
lished paper, Zheng et al. have conducted a 
screen to identify new Ras effectors and to 
categorize them based on where in the cell 
they interact with Ras. 28 To achieve this 
goal, they used a microscopy-based tech- 
nology called Biomolecular Fluorescence 
Complementation (BiFC), in which an 
N- and C-terminal fragment of YFP (Yn 
and Yc) are each fused to a protein, and 
a fluorescently competent YFP is recon- 
stituted when the fused proteins form 
a complex. 29 Using oncogenic H-Ras as 
bait, FACS was first employed to allow 
high throughput screening of a human 
cDNA library for Ras binding proteins, 
followed by regular fluorescent micros- 
copy to analyze where the binding takes 
place in the cell. Promising candidate 
clones were also screened functionally by 
the ability to alter Ras-induced activities 
including transformation. Interestingly, 
of the 26 final candidate effectors, more 
than 1/3 are known to regulate protein 
transport, two of which, CHMP6/VPS20 
and VPS4A, are well-known ESCRT-III 
(Endosomal Sorting Complex Required 
for Transport-Ill) components 30 and were 
chosen for detail analysis. 

Escorting Ras Back 
to the Plasma Membrane 

A key role of the ESCRT-III components 
is to promote scission of the intraluminal 
vesicles as endosomal cargos are sorted 
into different compartments (e.g., the 
multivesicular bodies/late endosomes). 
In this study, CHMP6 and VPS4A are 
classic Ras effectors in that they bind 
H-Ras directly and the binding is GTP- 
dependent, while H-Ras acts as a conven- 
tional endosome cargo in that it needs to be 
ubiquitylated for the binding. By micros- 
copy and marker analysis, the binding was 
mapped to early and late endosomes, but 
not recycling endosomes or Golgi. Despite 
the fact that earlier studies suggest that 
internalized Ras proteins may be headed 
for a more dormant state, surprisingly, 
when expression of CHMP6 or VPS4A is 
repressed, Ras-induced transformation is 
concurrently attenuated. To determine the 



reason for this, biochemical fractionation 
experiments were performed and showed 
that in CHMP6 or VPS4A repressed cells, 
the pool of Ras proteins on the plasma 
membrane is reduced. Furthermore, by 
photobleaching experiments, silencing 
CHMP6 or VPS4A greatly reduced Ras 
movement from the cytoplasm to the 
plasma membrane. Taken together, these 
data suggest that CHMP6 and VPS4A 
control recycling of Ras and/or com- 
ponents of the Ras pathway back to the 
plasma membrane. EGFR recycling is well 
known to be controlled by ESCRT-III. 31 
Indeed, Zheng et al. present evidence that 
Ras can act through CHMP6 and VPS4A 
to control EGFR cycling. Thus while one 
of the key roles of Ras internalization is 
no doubt to attenuate growth factor sig- 
naling, the study by Zheng et al. offers an 
alternative (Fig. 1). That is, Ras proteins 
can also stimulate CHMP6 and VPS4A 
to induce recycling of Ras proteins them- 
selves and/or other key components of 
the Ras pathway, such as EGFR, to cre- 
ate a positive feedback loop for sustained 
growth factor signaling. 

Concluding Remarks 

It is becoming clear that a unidirectional 
flux of nascent Ras proteins streaming 
from the cytoplasm to the plasma mem- 
brane as they become covalently modified 
is unlikely to explain what is really occur- 
ring at the plasma membrane. It seems 
likely that there are at least three pools 
of Ras proteins at the plasma membrane: 
newly synthesized and covalently modi- 
fied arriving from the Golgi, and recycled 
via the palmitoylation/depalmitoylation 
cycle, and recycled via the ubiquitylation 
cycle. The contribution of each of these 
populations to the total plasma membrane 
pool remains to be determined. 

We note that there are still many 
important unanswered questions regard- 
ing Ras in the endosomes. It is generally 
accepted that endosomal cargos need to 
shed their ubiquitin code in order to exit 
the endosomes, and this process is per- 
formed by the so called deubiquitinating 
enzymes or DUBs (Fig. 1). Identification 
of these Ras-specific DUBs may shed light 
on the role of deubiquitylation in the con- 
trol of Ras recycling back to the plasma 



membrane. One of the best known fates of 
proteins in the late endosomes is to be sent 
to the lysosome for degradation, and there 
is evidence that K-Ras can be degraded 
in the lysosome. 32 How do Ras proteins 
in late endosomes avoid being degraded? 
Does this process require interaction with 
CHMP6, VPS4A and some yet to be 
identified sorting factors to channel Ras 
proteins into the recycling route or does 
de-ubiquitylation (by DUBs) effectively 
block delivery to the lysosome? Finally, it 
is unclear whether the recycled Ras pro- 
teins are still GTP bound, which, conceiv- 
ably, can readily stimulate effectors on the 
plasma membrane. 

As noted earlier that K-Ras-4B is a 
"black sheep" in terms of how it associates 
with the plasma membrane because it is 
not palmitoylated. The different modes by 
which different Ras proteins associate with 
the plasma membrane appear to influ- 
ence how Ras proteins localize in the cell. 
While cytoplasmic N- and H-Ras can be 
readily found in the cytoplasm, K-Ras-4B 
is usually exclusively found on the plasma 
membrane. Consistent with this, many 
cytoplasmic Ras effectors preferentially 
interact with H- and N-Ras but not with 
K-Ras-4B. In Cheng et al., Cdc42 has 
been shown to interact with only H- and 
N-Ras, but not with K-Ras-4B. 18 In the 
current study by Zheng et al., CHMP6 
and VPS4A also only bind H- and N-Ras, 
but not K-Ras-4B, in the cell lines that 
were examined. Furthermore, when 
CHMP6 or VPS4A was repressed, EGFR 
recycling was impeded in cancer cell lines 
carrying oncogenic N-RAS but not onco- 
genic K-RAS. 28 Collectively, these data 
suggest that the observed interaction with 
CHMP6 and VPS4A is a unique feature 
for N- and H-Ras. This may be partly 
explained by the fact that while H- and 
N-Ras are ubiquitylated via a K-63 link- 
age, 13 the ubiquitylation of K-Ras-4B 
appears primarily through a K-48 linage. 33 
In human cancer, K-RAS oncogenic muta- 
tions are found in a wide range of tissues, 
such as pancreas (57%), large (33%) and 
small (20%) intestine, biliary tract (31%), 
lung (17%), etc. 34 By contrast, oncogenic 
mutations in H- and N-RAS are more 
tissue specific. For example, oncogenic 
N-RAS mutations are common in tumors 
of the skin (18%) and hematopoietic 
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tissues (10%); while oncogenic H-RAS 
mutations are frequently found in tumors 
in the head and neck (e.g., salivary gland 
(15%), upper aerodigestive tract (9%), 
etc.). 34 The molecular mechanisms for the 
apparent Ras isoform-specific roles in can- 
cer remain largely unclear. However, one 
possibility, as uncovered by the current 
study of Zheng et al. and by other stud- 
ies, is that different Ras proteins, diversi- 
fied further by covalent modifications, can 
interact with a different set of effectors 
during tumorigenesis. 
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